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In the Georgi-Machacek model with a custodial symmetry in the Higgs potential and vacuum 
alignment, the triplet vacuum expectation value is allowed to be of 0(10) GeV, which leads to the 
possibility of significant modifications in the couplings of the SM-like Higgs bosons h with other 
SM particles. In this talk given at the HPNP2015 conference held at Toyama University, we review 
constraints on the model based on the latest LHC data of the SM-like Higgs boson, like-sign W 
boson events, and searches for additional neutral Higgs bosons. In particular, we concentrate on the 
parameter space for small mixing angle a between the two custodial singlets. It is pointed out that 
constraints from the non-SM custodial singlet are most constraining and those from the 5-plet are 
independent of a. While currently there is no constraint from the 3-plet, we show that its // and 
77 channels through the gluon fusion production can be very promising for searches or constraining 
in the mass range between 160 GeV and 350 GeV because of its gauge-phobic property. 


I. INTRODUCTION 

Even though the 125-GeV boson is found to have many properties very similar to the Higgs boson in the 
standard model (SM), it is still far from clear whether it is the sole entity responsible for the breakdown of 
electroweak symmetry and mass of all elementary particles. Besides, there is no established guiding principle 
about the structure of the Higgs sector other than the Lorentz and gauge symmetries. It is therefore not 
unnatural to consider additional Higgs representations that also contribute to the symmetry breaking and may 
have a connection to a hidden sector. 

As a new physics model with an extended Higgs sector, the Georgi-Machacek (GM) model [il,i has some 
intriguing features not shared by commonly considered models whose extra Higgs fields are only singlets and/or 
doublets. In addition to a doublet field (f with Y = 1/2 as in the SM, the GM model has a triplet field A 
composed of a complex triplet y of hypercharge Y = 1 and a real triplet ^ of F = 0 under the SM SU (2)^ x C/(1)y 
gauge symmetry. Starting with a Higgs potential with custodial symmetry and vacuum alignment between the 
complex and real triplets, the model preserves the electroweak rho parameter p = 1 at tree level. This allows 
the possibility of the triplet vacuum expectation value (VEV), va, as large as up to a few tens of GeV. The 
model has many Higgs bosons, including the SM-like Higgs boson h and another singlet Hi, one 3^1et H^, and 
one 5-plet H^, with mass degeneracy within each multiplet as a result of the custodial symmetry [1,1^. Due to 
the mixing between the Higgs doublet and triplet fields, the couplings between the SM-like Higgs boson and the 
weak gauge bosons can be stronger than their SM values [H , leading to interesting collider phenomenology [1- 
ini. In the case of large triplet VEV, the 5-plet couples dominantly to the weak gauge bosons. Therefore, vector 
boson fusion processes serve the most promising channels to search for such exotic Higgs bosons and verify 
their mass degeneracy at the LHC Besides, the model has the H^W^Z vertex at tree level. Such a 
vertex is known to be small in multidoublet models, because they appear only at loop levels. Besides, neutrinos 
can obtain Majorana mass from the Higgs triplet VEV through the so-called type-H seesaw mechanism. The 
couplings between the triplet field and leptons lead to lepton number-violating processes and possibly even 
lepton flavour-violating ones. 

Many of the above-mentioned properties and couplings depend on the value of the triplet VEV, va, which 
serves as a quantitative indicator for the participation of the Higgs triplet in the electroweak symmetry breaking. 
It is therefore of great interest to experimentally determine or constrain this parameter in the model. In the 
following, we discuss how some of the LHC data have been used to put constraints on the model, particularly 
in the scenario where the mixing between the doublet and the triplet is small, as favoured by the SM-like Higgs 
data. 
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II. BASICS OF GEORGI-MACHACEK MODEL 


It is more convenient to organise the isospin doublet field (j) and the triplet fields x with Y = 1 and f with 
Y = 0 [13 in an SU{2)l x 5'f/(2)/j covariant form: 


$ = 





A = -(x+)* X+ 

V(x++r -(?+)* xV 


( 1 ) 


where the phase convention for the component scalar fields is such that 0 ={4i^)*,X = (x"*"^)*: X = (x"*")*; 

= (C’’")*. Moreover, the neutral components after electroweak symmetry breaking are parameterised as 


y = + ^r+ i(t)i) , X° = % + + Cr- 


( 2 ) 


where and denote the VEV’s of (j), x respectively. The explicit form of most general Higgs 

potential consistent with the SU{2)l x SU{2)ft x U{1)y symmetry can be found, for example, in Ref. The 
physical 5-plet, arises within the A field. The two 3-plet fields mix through the angle /3 

to render a physical CP-odd Higgs 3-plet, denoted by H 3 = , H^)'^, and another NG 3-plet, to 

become the longitudinal components of the weak gauge bosons. The two CP-even singlet fields further mix by 
an angle a, determined by the quartic coupling constants in the Higgs potential, to produce the SM-like Higgs 
boson h and another physical singlet denoted by H^. 

Under the vacuum alignment assumption = vA, the masses of the W and Z bosons have exactly 

the same form as in the SM: and where 9w is the weak mixing angle and 

v'^ = v'^ + 8 u| = (246 GeV)^. Therefore, the electroweak rho parameter is unity at tree level. Define the ratio 
of the VEV’s as 


tan/3 


V4, 

2V2va ’ 


(3) 


which is the reciprocal of tanOn used in most other works and goes to infinity in the SM limit. If one requires 
that the fermion mass comes from Yukawa couplings with the Higgs doublet and the top Yukawa coupling is 
perturbative, then the triplet VEV has an upper bound va /S 80 GeV. 


III. EXPERIMENTAL CONSTRAINTS 

Recently, the same-sign diboson process pp —>■ W^W^jj had been measured at the LHG using leptonic decay 
channels of W bosons, with production cross sections of two fiducial regions reported to be consistent with the 
Standard Model expectations within Icr [I^. The results can be used to constrain new physics models with a 
modified quartic W vertex, as in the case of the GM model due to the mediations of exotic Higgs bosons. 

Fig. [1] shows the constraint on the mn^-VA plane by the 20.3 fb“^ data of 8 -TeV LHC provided by the 
ATLAS Collaboration. The region above the black (red) curve is excluded at the 68 % (95%) confidence level 
(CL). The most severe upper bound on va is about 33 GeV for niH^ = 200 GeV. The bound becomes weaker 
as TO //5 becomes larger and approaches the above-mentioned 80 GeV bound at ^ 700 GeV. In the case of 
rriH^ < 200 GeV, a milder bound on va is also obtained, as more events from the contribution are rejected 
by the kinematic cuts used by ATLAS. At the 14-TeV LHG, the discovery reach becomes the largest also at 
around = 200 GeV, where a 5cr discrepancy is expected in the cases of va ^ 24, 17, 12 and 7 GeV for the 
luminosity of 30, 100, 300, and 3000 fb“^, respectively. 

After the discovery of the 125-GeV Higgs boson, efforts have been made to search for another neutral Higgs 
boson through different channels over a wide range of mass. Such results can also be used to impose constraints 
on the GM model. In TablelH we list the couplings of the neutral Higgs bosons in the model to the SM fermions 

and weak gauge bosons, all normalised to their SM values. Because of the factor of in Ky of h and 

their values can be larger than 1 with a maximum of In the case of , kz is larger than kw in magnitude 
by a factor of 2. As a result, Br{ZZ) branching ratio will be larger than BriWW) by about a factor of 2 in the 
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FIG. 1: Constraint on the plane by ATLAS data at 68% and 95% CL (reproduced from Ref m)- 

TABLE I: Couplings of the neutral Higgs bosons to SM quarks and weak gauge bosons in units of their SM values. 
Pf = +1 for up-type quarks and —1 for down-type quarks and charged leptons. 



high-mass regime of H^. This is a nice discriminant for the neutral Higgs boson originated from the custodial 
5-plet. H° is gauge-phobic, while is quark-phobic. In the small a limit, ^ and becomes more 
fermiophobic. 

In the assumption of narrow width for ip {(f = h, H^, H^, H^), we define the signal strength 


_ ^ p) ^ X) 

^SM(pp ^^)B^^{p^X) ^ ’ 

where X denotes some decay mode of p. By incorporating the scaling factors given in Table U for h and fixing 
its mass at 125 GeV, one can perform a global fit to the measured signal strengths for the SM-like Higgs boson. 
Using the latest data [H, [3, we obtain —20° ^ a < 0° by taking the heavy exotic Higgs masses limit. We 
therefore concentrate on the examples of a = 0, —7r/24, and —7r/12 in the following analyses. 

In the case of the other exotic Higgs bosons in the model, their masses are unfixed parameters. Therefore, 
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one has for as an example 

VBFr„ ^ X ~ _ 


(5) 


where By^{Mhj^) and B^{Mhi) denote the inclusive branching ratios of a SM Higgs of fictitious mass Mh^ 
decaying into a pair of vector bosons and fermions, respectively, with all other modes {e.g., 77 , Z 7 and multi¬ 
particles) neglected in last expressions. The superscript GGF means the production channel, including ggh and 
tih processes, and VBF includes the vector boson fusion and associated productions. As a result of suppression in 
the coupling with fermions, the GGF production of is significantly smaller than the VBF process. Therefore, 
the VBF search channels impose stronger constraints on the parameter space, as shown in Fig. [2] Comparing 
the plots, one notices that in the higher mass regime the ZZ channel is generally more constraining than the 
WW channel except for the region 375 GeV ^ < 450 GeV, in which the former (latter) has a slightly 

worse (better) sensitivity experimentally. The 77 channel has more constraining power in the low-mass regime. 
Plot (c) also shows the change in the interference pattern at Mh^ = 125 GeV for different choices of a. 
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FIG. 2: Upper limits on i;a(= 113 ) as a function of Mhi for the (a) WW, (b) ZZ, and (c) 77 channels through the VBF 
mechanisms, (reproduced from Ref. 0 ). 


It is noted that the —>■ hh decay mode is not included in the calculations, because the relevant coupling, 
hhHi , is not determined without explicitly specifying the entire Higgs potential, thereby inevitably introducing 
uncertainties. Qualitatively, a nonzero hhHi coupling will result in a suppression of the regular search channels 
when Mh-i 250 GeV, and may lead to more production of four-body final states. Therefore, the bound for 
Mhi ^ 250 GeV will generally become weaker. 

Similarly, one may also put an upper limit of the triplet VEV by considering as the intermediate Higgs 
boson. Fig.|3]shows the bound as a function of Mh^ from both ZZ and 77 decay modes via the VBF mechanism. 
Glearly, this constraint from the search is weaker than those presented in Fig. [5] This is related to the fact 
that the signal strength in this case is mainly enhanced in the low-mass regime only. However, the bounds 
from is useful in the sense that unlike Fig. [5] for they are independent of the mixing angle a. We note 
in passing that no useful constraint can be obtained from the WW mode yet, is a result of the non-universal 
scaling behaviors in the couplings with the weak bosons. 

Since the does not couple to the weak gauge bosons, one can only make use of the // and 77 modes through 
the GGF production mechanism to search for the particle. Moreover, Hg is a GP-odd particle. Therefore, the 
signal strengths for the fermion pair decays in the Born approximation are 


= (4^y 




Bf 


B%4Mh,) 


1 - 


4M? 


-1 


( 6 ) 
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FIG. 3: Upper limits on va as a function of Mh^ for the (a) ZZ and (b) 77 channels through the VBF mechanism, 
(reproduced from Ref. M)- 


where are the fermionic loop functions for CP-even and -odd scalar bosons, respectively. 

Since the decays of a fictitious SM Higgs boson in the Mhs ^ 2Mw region are dominated by the fermion 
pairs, ^.x^^iHs] ^ cot 2/?. On the other hand, when Mhs > 2Mw, the inclusive BSM is very 

small. Therefore, the signal strengths of the fermionic modes have an enhancement onset at around 2Mw- This 
enhancement is slightly reduced when the hZ mode opens up and further reduced above the ti threshold, as 
shown in Fig. |4l Therefore, a search of such channels in the regime 2Mw iS ^ 2Mt can readily discover 
i ?3 or put stringent constraints on the model parameters. 
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FIG. 4: Signal strengths of the boson in the GGF production of the (a) // and (b) 77 channels as functions of Mh^- 
(reproduced from Ref. 0 ). 
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IV. CONCLUSIONS 

Because of the built-in custodial symmetry, the Georgi-Machacek model allows an 0(10) GeV triplet vacuum 
expectation value. Moreover, it offers the possibility of enhanced hVV couplings than the standard model 
expectation. The latest SM-like Higgs data favours the scheme where the mixing between the SM-like Higgs 
and the exotic singlet is small. Using other search data at the LHC, we have put constraints on the parameter 
space (triplet vacuum expectation value versus exotic Higgs mass) of the model. 
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